The restrictions on elementary particle properties which can be derived from cosmological and astrophysical data are considered. The inverse relations between micro-and macrophysics are also discussed, in particular the origin of the baryon asymmetry of the universe. 
F. Baryon Weinberg (1977) . They know that the universe is expanding in accordance with Hubble's law, i.e. , u
The contemporary value of the Hubble constant' H (constant means no variation in space; that is, H does not depend on the value and direction of x but depends on time) is 55 km sec 'Mpc. ' Here Mpc is the abbreviation for megaparsec, 1 Mpc = 10 pc = 3.085
x 10" cm, so that H = (1.8 & 10" yr). '
On large scales the unjverse is with high precisioñ
In what follows we shall use the natural system of units such that 5= c = k = 1.
Some authors, even today, claim that 0 =(75-100) km sec Mpc . A mistrust of the existence and cosmological origin of the redshift in spectra of remote objects, however, is becoming less and less popular. On the contrary, it seems surprising now that the Hubble expansion was discovered primarily at small scales. uniform, and its expansion is isotropic (i.e. , equivalent in all directions in space). The largest distance we have information about is of order c/H = 5000 Mpc =1.5 x 10" cm. On such a scale deviations from the uniform and isotropic picture are less than 10 '-10 in relative units. At an earlier time, however, there could have been larger perturbations. ' The theory of the expanding universe connects the age of the universe to with the present expansion rate H and the average matter density p. The lower the density of matter, the smaller the velocity variation during the expansion. For p-0 the universe's age to =A/u =H '. With increasing density gravitational deceleration becomes important. This means that in the past the expansion was faster, so that the age to is less:
to=H 'f(Q) = f(Q)18 x 109 yr, where Q = p/p, and the function f is smaller than unity.
The critical value of the matter density is defined by the equation p, = 3H'/8rrG =6 x 10 " gem '. lf Q = 1 (i.e. , p= p, ), f(1) =2/3. For Q» 1 the function f tends to 1/vQ so that the H-independent upper bound on the age of the universe can be obtained, t, &(8vGp/3)' These formulas are valid in nonrelativistic cases, i.e. , for p «g = p. In the extreme relativistic limit where P = e/3, the simple expression f = (I+M&) ' can be found. The lower bound on the age of the universe is given by the age of the solar sys tern and the Earth (t,~4 .5 x 10 yr). Nuclear dating methods and in particular the abundance ratio of uranium 235 to uranium 238 require a time interval t = 8 x 10 yr between today and the epoch of nucleosynthesis (nowadays U"':U"' = 7 x 10 ' and, in accordance with the element formation theory, U"': U""~1 at the moment of production). The use of the Re-Os chronometer gives to= (11-18)x 10' yr (Hainebach and Schramm, 1976) . Astronomical observations, together with the stellar evolution theory, give evidence that the age of some stars is as great as (14 -16) x 10' yr (Demarque and McClure, 1977) . The situation was summarized by Tammann et al. (1980) , who claim that the age of the universe is definitely greater than 12 x 10' yr and probably even greater than 15 x 10 yr. An upper bound for the density of matter compatible with the modern values of II and to is approximately p, "=10 ' g cm '. A more probable value is p=2 && 10 3ogcm '. There are some indirect data in favor of this result. The average density of matter contained in stars relative to the whole volume among galaxies and clusters of galaxies is about 5 x10 ' gcm The upper bound on p seems indeed to be reliable.
It can be used to restrict the total energy density of forms of matter in the universe which are not observable directly. This idea was probably first applied to elementary particles by Zeldovich and Smorodinsky (1961) . They found a bound on the density of particles such as neutrinos and gravitons which cannot be directly detected.
he next well established fact is the existence of the three-degree microwave background radiation. This radiation is highly isotropic, deviating from exact isotropy by less than 3 x10 ' (in relative units &T/T).
The degree of.linear polarization is less than 10 ', and no deviations from the Planck spectrum larger than 20 -30% are found. (See, however, the paper by Woody and Richards, 1979) . The radiation temperature now is 2.8+.1 K. The number density of the photons is about 500 cm ', and their energy density is 6 & 10 " erg cm '
Since the universe is transparent to the cosmic background radiation now, and in the recent past, the isotropy (relative to the solar system} tells us that this radiation is uniform in space. Because of the negligible interaction of the background photons with matter in the universe, their spectrum and spatial distribution provide information on the remote past of the universe.
The expansion of the universe, together with the blackbody cosmic background, leads to the conclusion that in the past the temperature was higher. The spectrum of the cosmic background radiation agrees with the prediction of the hot universe (big bang) Kobzarev and Peshkov, 1974. ) During the expansion and cor responding cooling of the universe, the number of light particles is conserved, and in first approximation their number density ratio to that of photons is constant. Therefore in big bang cosmology the present number density of a given type neutrino (together with antineutrino) with one helicity state is about 150 cm '. This result is valid for any sufficiently light neutrino. Today at least two types of -neutrinos are known to exist: electronic neutrinos, v, (with corresponding antiparticle v, ), and muonic neutrinos, v"(with corresponding v"). Probably there is a third neutr ino type, v, and v"associated with the charged~lepton, the latter having a mass of about 1800 MeV. With the known number density of neutrinos (N") and the upper bound for the matter density (p ) one can obta. in an upper limit for the neutrino rest mass, the condition ZN"m"&p being used. This argument was first presented in a paper by Gerstein and Zeldovich in 1966 and later by Cowsik and McC lelland (1972), In the framework of big bang cosmology the abundances of the relic quarks were considered. If quarks are not. pe rmanently conf ined the re should be at le as t one stable quark type (quark flavor) which would survive until the present epoch as a free particle. When the temperature was sufficiently high the quark density would have been of the order of that of photons. In the course of cooling down, stable quarks could disappear only through mutual annihilation.
The probability of quark-antiquark collisions would decrease rapidly as the universe expanded due to decreasing number density per unit volume. Therefore, a rather high abundance of relic quarks was predicted (Zeldovich, Okun, and Pikelner, 1965) . Comparison of this result with the experimental bounds on quark concentration in matter was a strong argument in favor of quark confinement. There have been, however, recent attempts to get a smaller relic quark concentration (see Sec. V) generated by the claim (LaRue et al. , 1977 (LaRue et al. , , 1979 One has only to get rid of the prejudice that the symmetry of some particle properties (masses, absolute values of charges, and so on) demands an equal number of particles and antiparticles in the universe. Charge conjugation symmetry (C) is violated in nature, as is CP (P is parity). It is generally believed that CPT (T is time reversal, future past) holds exactly. But in a universe subject to evolution with a given "arrow of time, " CI'T does not prevent matter-antimatter asymmetry.
So, by the time & &100 MeV, we have some protons and neutrons in a lepton-and-photon plasma. At first, owing to the weak interaction, the P =v transitions are kept in equilibrium (Hayashi, 1950) , then at lower temperatures nucleosynthesis proceeds. The earliest nuclei to be pr'oduced are the deuterium nuclei, then O', He', and at last He . . After that element production practically stops because of the low density of cosmological matter. Consequently, the reactions He' + He' -Be', SHe'-C", and so on almost do not proceed. ' The standard big bang cosmology gives definite predictions about primordial element formation which 'TABLE I. Element production in the standard big bang cosmology (Wagoner, 1974 Table I ). Therefore, pos- (Kirzhnits and Linde, 1972 ).
'The. universe's homogeneity contradicts the simple version of such a theory when only two discrete ground states at low temperature are possible (Lee, 1972) . As was noted by Zeldovich, Kobzarev, and Qkun (1974) , two types of domain corresponding to two different ground states should appear in the course of cooling down. 'These domains are bounded by heavy walls which would violate the homogeneity of the universe.
In other versions of spontaneously broken symmetry theories vortex lines, magnetic monopoles, phase transitions, and other interesting phenomena take place.
The observational data, however, permit no definite conclusion about this.
One of the most impo rtant obse rvational facts is the ratio of baryon number density to the relic photon density, P -= R~/N, = 10 ' -10 ". This number can be easily obtained fr'om the temperature of the microwave background (2 K) and the matter density (5 x 10 '0-10 " gem '). The numerical value of P is poorly known, but it is hardly outside the above mentioned boundaries, so it is definitely much smaller than unity. In the framework of theories with strictly conserved baryonic charge and conserved entropy (i.e. , for an adiabatic expansion) P is a constant defined by initial conditions. There have been, however, many attempts to determine P theoretically.
One of these attempts is connected with the existence (Zeldovich, 1972 ).
In such a way the cold universe model may revive in a new guise. A version of this model was considered by one of the authors (Ya. Z. , 1962) just before the relic photon discovery [Penzias and Wilson (1965) ; see also Dicke et al. (1965) and Doroshkevich and Novikov (1964H. In some papers the possibility that baryonic charge is not absolutely conserved was considered. ' The bound on proton lifetime, 7, &&0" yr, does not exclude essential baryon nonconservation at superhigh temperatures (Sakharov, 1967; Kuzmin, 1970) . It is also possible that effective baryon nonconservation occurs during the formation and evaporation of black holes (Hawking, 1975; Zeldovich, 1976 Pontecorvo, 1958) or by an inhomogeneity in heavy element concentration inside the sun (a smaller amount in the core and a larger amount in the outer layer). It is, however, rather disturbing that the theory predicts a 1.6-fold increase of the sun's luminosity during the course of its 4. 5x 10'yr evolution. The 4There is no massless field connected with baryonic charge, as the electromagnetic field is connected with electric charge (Lee and Yang, 1955) , so its conservation is not necessarily exact. The possibility of baryonic charge nonconservation was mentioned by Yarnaguchi (1959) and Weinberg (1964 On the blue sky of modern cosmology there is a cloud: the observed structure of the universe shows a considerable inhomogeneity at the scale of less than or about 100 Mpc. 'This could have developed because of gravitational instability. The observed structure by itself is compatible with the assumption of small but finite metric perturbations from the initial singularity until the decoupling of matter and radiation (Lifshitz, 1946 (1963, 1965c) and in books by Weinberg (1972 Weinberg ( , 1977 and by Zeldovich and Novikov (1975 (v"v", and v, ) .
The first person to discuss the influence of massless particles on primordial nucleosynthesis was Shvartsman(1969) . Later writers were able to treat the subject more precisely (Steigman et at. , 1977; by the use of the latest observational data. The arguments are the following. The amount of He4 produced during the big bang is dependent on the neutron-proton ratio at freeze-out. Neutron freezeout (or quenching) takes place when the rate of the weak interaction processes e P -nv, and e'n -P v, drops below the expansion rate. Later at about 0.1 MeV almost all neutrons are bound into He4 so the mass fraction of He4 is 2(n/p)/[1+(n/p)], where n/p is the neutronproton ratio. The neutron-proton ratio at freeze-oui is N"/N =exp(-~m/Tt), (3.1 where N"and N are the neutron and proton concentrations, respectively; &m is their mass difference, and T& is the freeze-out (quenching) temperature. As was mentioned earlier, the instant of quenching is deter-mined by the condition v ""«"= t, where 7""". (Peimbert, 1976) Shapiro et al. (1980) . It is noteworthy that if neutrinos are massive, then the mass matrix should be either of the Dirac form (i.e. , mDvv) or of the Majurana form (i.e. , m~vCv), but not both because in the latter case all four degrees of freedom of a neutrino would be excited in the primeval plasma. (Dolgov, 1980b Strictly speaking we cannot exclude the possibility thai one of the three known neutrinos has a strong coupling with the right-handed current, but the other two must satisfy the coupling condition (3.7). One should keep in mind, however, that the conclusion depends upon the accuracy of our determination of He abundance.
Analogous reasoning was applied (Olive et a/. , 1978) to hypothetical massless particles with a weaker interaction than that possessed by neutrinos. The weaker the interaction, the lower the particle temperature at the time of neutron quenching (freeze-out), and the smaller the influence on nucleosynthesis. Accordingly the number of permitted particle types depends on their interaction strength. For the weakest of all known interactions, gravitation, which is inherent in any particle, the number of particle species which does not change the nucleosynthesis is, as stated by Olive et al. (1978) , smaller than 20. This result, however, depends on the number of heavy particle types which heat the plasma by their annihilation. If one takes into account a large number of gauge bosons and Higgs particles omitted in that paper, the discussed bound can become 2-3 times larger. With an increase in interaction strength the limit on the number of massless particle types grows increasingly restrictive and reaches four for neutrinos, independent of heavy particles. It is noteworthy that with the same arguments one can restrict the energy density of relic gravitons (gravitational waves) which came from the earliest epoch (f & t~) . The graviton density is not restricted otherwise because gravitons perhaps never were in equilibrium with other particles (Kobzarev and Peshkov, 1974) . (Zeldovich, 1965a; Zeldovich and Novikov, 1975) =10"
IV. LIGHT PARTICLE IVIASSES
This number was obtained under the assumption of baryon-antibaryon symmetry. This is in conflict with observation, however. There are only baryons and no antibaryons in the visible part of the univer se, and the number of baryons is much larger than that given by Eq. (5.1). The ratio of baryon number density to photon density is 10~-10 ". So either one has to assume that the baryon excess always existed in the universe, or one ha. s to seek a dynamical explanation of the observed baryon asymmetry (see Sec. XV). Note that if there is an excess of baryons over antibaryons, then the residual antibaryon concentration is much smaller than that given by Eq. (5.1).
Along the same lines, the number of free relic quarks has been estimated (Zeldovich, Okun, and Pikelner, 1965) . For m = 100m"and o v = o zvz -10 " cm' one obtains x = 10 ", i.e. , one quark for 10"-10" nucleons.
In other words, quarks(if they are unconfined) are as abundant in our world as gold. The searches for fractionally charged quarks in different media surely exclude this possibility. The bounds on the quark-to-nucleon number ratio very from 10 ' for iron to 10 (Ogorodnikov et a/. , 1979) for recently studied ocean water. These results precent a strong argument in favor of quark confinement. Strictly speaking, however, an exotic quark behavior leading to a small abundance in the samples investigated cannot be excluded. Those who are interested in these problems can find a list of references in the review by Jones (1978) . Recently the Stanford group (I a Rue et a/. , 1977, 1979) claimed the discovery of several fractional charges on niobium samples contaminated with tungsten. One needs a further independent experimental confirmation, however, and in this case a revolutionary change of our ideas would be necessary.
The baryonic asymmetry of the universe could yield an excess of quarks over antiquarks at the hot stage. This, however, would not lead to an increase in the relic quark abundance because extra quarks would disappear, for example through the reaction q +q-B+q.
In some papers attempts have been made to obtain a smaller relic quark abundance. Nakamura et a/. (1977) assumed that at an early stage (t&10 ' sec) the thermal history of the universe differed from that of the standard model. The basic idea is that after quark quen-
where the factor (T,/T")' takes into account plasma heating after the decoupling of X particles. From the condition px& p, "oneobtains the lower bound on the XX annihilation cross section v~x) C x 10" cm', where C =2%~~2(T"/T")3.This factor depends upon mã nd upon the strength of X particle interactions which keep them in thermal equilibrium with the plasma. In what follows we shall discuss these in more detail.
A. The total energy density in the universe'
A heavy neutral lepton could have the following decay channels: I -vvv, vy, e'e v, etc. 'The number density 6For further discussion see Vysotsky, Dolgov, and Zeldovich, 1977a,b; Sato and Kobayashi, 1977; Teplitz, 1977, 1978; Goldman and Stephenson, 1977. of electrons 1V, resulting from the decay L-e'e v is determined by the density of heavy leptons (2.11) and by the branching ratio of this decay, I3, . For any nonnegligible B, density, N, proves to be so high that the e'e annihilation rate IV,v, v(e'e -2z) exceeds the expansion rate. So all the energy from L decay is transformed ultimately into massless particles. In contrast with the case of a stable L the energy density of the decay products decreases further because of the redshift. ' The variation of the temperature with time in the course of the expansion is defined by T(t,) = T(t,)(t,/t, )", where~= 3 for the matter-dominated universe and for the radiation-dominated universe. In standard cosmology radiation dominance is succeeded by matter dominance at f = t = 3 x 10"0 ' sec (for H= 60 km sec ' Mpc '). If a heavy neutral lepton L exists, the picture is more complicated. The contribution of a stable L to the energy density at a redshift Z in accordance with the previous calculations is analysis of (I) the lower bound on the age of the universe and the corresponding limit on the total energy density in the universe; (II) the spectrum of the cosmic electromagnetic radiation; (III) the primordial nucleosynthesjs; (IV) p-ray spectrum from supernovae; Pl) energetics of supernovae. All the curves except (I) Gunn et al. (1978) and ]. To evaluate the effect of a variation of g = (p/p ", . "q") ' Weinberg (1972) ].
If 6P is a contribution to P from the decay of I. , the following relation is valid:
where const= 0(1), r~i s determined by Eqs. (2.11) and (6.2), and T is the temperature at the instant of the decay. The uncertainty in the value of P, is as large as two orders of magnitude, giving rise to an uncertainty in the mass fraction of He', M(He')= 0.04 which is rather small. So in the value of the ratio 6P/P, a variation by. two orders, of magnitude is allowable. The product mL y L reaches its maximum value at mL = 1 MeV. Even in this case the plasma temperature at the instant of the decay should be greater than 0.01 x mL = 10 ' MeV and consequently vL &10' sec. This is close to the result obtained in the preceding subsection.
Thus the study of He' production does not lead to a significant expansion of the forbidden region in the (v~, m~) diagram (Fig. 1) . Their results are presented in Fig. 1 A rather strong bound on the lifetime of the electronic neutrino in the case of its decay into a photon plus anything can be obtained from an analysis of the x-ray radiation from the sun (Cowsik, 1977 Yahil and Beaudet (1976; Beaudet and Yahil, 1977) [see also the earlier paper by Wagoner et al. (1967) ]. (1981) . ' The possibility discussed here, that the universe can possess nonvanishing leptonic charges, was the starting point for criticism (Linde, 1979b) 
X. ASTROPHYSICAL CONSEQUENCES OF THE EXISTENCE OF A HEAVY NEUTRAL LEPTON
In the preceding section restrictions on the properties of leptons obtained with the help of astrophysics were considered. Now we shall look at the subject from another point of view and discuss how the existence of a massive neutral lepton helps us to resolve some astrophysical problems.
A heavy neutrino is a remarkable candidate for bearing the galactic missing mass. As is well known the mass-to-light ratio for galaxies as a whole is considerably higher than for average stars in the middle part of a galaxy. The galactic mass can be determined by the gravitational attraction between galaxies in a cluster of galaxies. Another way to find the mass of a galaxy is to measure the variation of the velocities of matter with an increase of the distance from the galactic center. Such measurements also show that the bulk of the matter in galaxies is outside the region where luminous objects are seen. So the dynamics of galaxies are determined by some dark, invisible matter. Marx and Szalay Szalay and Marx, 1976) and Cowsik and McClelland (1972) propose that neutrinos with a mass of about 10 eV could solve the problem of the missing mass. ' The idea was later considered by Marx (1977) , Gunn et al. (1978) , and Tremaine and Gunn (1979) . They argued that neutrinos mainly cluster with galaxies forming galactic halos. For muonic charge a comparable restriction cannot be applied because there are no macroscopic samples of matter with a nonzero muonic charge. The laboratory data on (g -2) give the rather weak limit +(tlf) & (10 ' -10 ') a(Q). Stellar luminosity data permit us to put greater constraints on the muonic coupling constant. The point is that the interaction of a muonic neutrino with a muonic photon would result in the electromagnetic interaction of a muonic neutrino due to the transition of a muonic photon through a virtual p. 'p. pair into a usual photon. The induced charge is of the order of e,", --eo(M ) ln(A/m"). MeV. There are theoretical arguments (Linde, 1976a; Weinberg, 1976) (Anselm, 1979; Linde, 1976b; Linde and Krive, 1976 (Sato and Sato, 1975b; Vystosky et al. , 1978; Sato, 1978a; Falk and Schramm, 1978; Dicus, Kolb, Teplitz, and Wagoner, 1978 ).
The light pseudoscalar particle known as the axion (Weinberg, 1978; Wilczek, 1978) (Price et al. , 1975 (Price et al. , , 1978 for the role of the monopole seems to be doubtful. Observational bounds on the number density of magnetic monopoles in the universe are presented by Bludman and Ruderman (1976) . The best limit follows from the existence of galactic magnetic fields (Bludman and Buderman, 1976; Domogatsky and Zheleznykh, 1969; Parker, 1970 Osborne (1970) where, using the data on the flux of cosmic y rays, it was shown that the monopole number density is smaller than 10~4 cm 3 for m~= 10 TeV and smaller. than 10 cm for m~= 2.5 TeV.
In what follows we shall evaluate the number density of the relic monopoles (Domogatsky and Zheleznykh, 1969; Adams et al. , 1976; Zeldovich and Khlopov, 1978) C. Magnetic mono'poles The requirement that there be symmetry betwe'en electricity and magnetism led Dirac (1934;  see also Dirac, 1948) As an upper bound, the time until hydrogen recombination in the primeval plasma should probably be substituted, but not the age of the universe. Until recombination monopoles are in kinetic equilibrium with the plasma and their temperature drops together with the plasma temperature. Later, when matter develops into galaxies, the surviving monopoles are accelerated in the (possible) magnetic fields. Substituting t =10"-10" sec as the upper bound into the expression for I we find I=2X10"and n, "=10"cm ', which is four orders of magnitude greater than the bound (11. 11).
Even if the burning out of monopoles kept on until the present time, their concentration would be two orders of magnitude greater then the existing upper bound (11.11). In fact the discrepancy is even more serious.
The point is that the annihilation cross section used above is considerably overestimated. The radius &20 =g'/4mT is so large that in the volume V=4mw~+3, a large number of particles is contained, N =VT'=(16a') '
That is why monopole annihilation should be treated in the diff'usion approximation Daniel et al. (1979) and Linde (1980b) . Preskill (1979 Guth and Tye (1980) , who argue that in the SU(5) group the phase transition is indeed of the first order if some strict constraints on coupling constants are imposed (see also Einhorn et al. , 1980 radius -the so-called 8 particle (Okun, 1980b) . The most restrictive bounds on its properties can be derived from cosmology. For instance, the rank of the gauge group generating interactions between 9 particles can be limited from above by consideration of primordial He' formation. If the latter is SU (N) then N & S.
Relic 9 matter has been considered by Okun (1980a) , Dolgov (1980a) , . They 
XII. THE PHOTON MASS
The photon is the only particle (except for the graviton?) for which the theory demands that the mass be vanishing. This demand is connected with the principle of gauge invariance, basic to electromagnetic interactions {and probably to weak and strong ones too), and with strict current conservation. Thus in contrast to ;he neutrino, whose zero mass is weird, the photon has a vanishing mass as a natural consequence of the theory. History teaches us, however, that a symmetric picture often proves to be crooked at a closer look. So a skeptic would expect that gauge symmetry is only approximate. In In connection with experiments of this type but using static fields (in the cited paper an electric field with a frequency of 4& 10' Hz was used) we mention the paper by Dolgov and Zakharov (1971) where the use of the Earth's electrostatic potential was proposed to obtain a limit on I". The point is that for m"~0 the absolute value of the potential y becomes observable and directly affects the electric field inside the conducting cavity. It is known that the potential difference between the Earth's surface and the ionosphere is about 5& 10' V and the electric charge of the Earth is 6&&10' C. Were it not for the ionospheric charge, the potential of the earth would be 10' V, but because of ionospheric charge compensation jt j.s aboUt 5&10 V. This huge potential can in principle be used for restricting the photon mass.
The next step in the constraining of m~is the study of planetary magnetic fields af. a large distance. In the case of massive photons the magnetic field has an extra decreasing factor exp(-mar) and the existence of magnetic fields at a great distance from the source permits us to exclude too large m, . The 3)
The cosmological horizon of the universe, in comparison ls tpc 10 cmĨ n conclusion we should like to mention two recent papers in which cosmological consequences of the assumption of a finite photon mass were considered. In the paper by Kuzmin and Shaposhnikov (1978) the hypothesis of photon condensation at an early stage in the history of the universe was discussed. (12.5)
In our case E =0 and q =4mom&'. From the condition gauge-invariant equation~I'""= j, . The simplest way to get a theory with a noneonserved current is to introduce the "massive term" into this equation, m2A We-know, however, that photon mass (if any) is extremely small (see the preceding section) and it proves to be difficult to find a consistent theory with nonconserved current.
One is free, however, to check the above dogmas experimentally.
Moreover these dogmas ought to be checked in this world where physical principles undergo continuous revision. We note here that a field theory with electric charge nonconservation has, been considered by Ignatier et al. (1979) (Okun and Zeldovich, 1978; Voloshin and Okun, 1978) because of the huge probability of the longitudinal photon bremsstrahlung, which is proportional tom '. lt is interesting that in the case of the conserved current, on the other hand, the probability of longitudinal photon emission is negligibly small, -m'.
We noted above that a vector particle interacting with a nonconserved current should be massive. The arguments can be reversed and it can be shown that, due to the smallness of m&, electromagnetic current should be conserved and electrons be stable (Voloshin and Okun, 1978) . This result seems to be highly probable physically, despite the calculation's being based on divergent Feynman graphs. So from the limit onm& it follows that the lifetime of the electron is, if not infinite, extremely large: T, & exp (10'0) (arbitrary units).
XIV. COSMOLOGICAL CONSEQUENCES OF SPONTANEOUS SYMMETRY BREAKING IN ELEMENTARY PARTICLE PHYSICS
The principle of spontaneous symmetry breaking has proven very fruitful in elementary particle physics, and its validity has been supported by the recent success of the gauge models. The starting points of the theory are the invariance of the Lagrangian with respect to a symmetry group and a degeneracy of the ground states. An observable ground state is realized by chance and leads to a symmetry violation for physical states [see, for example, the review by Coleman (1975) ]. This picture has important consequences for cosmology. The form of the realized ground state, corresponding to a minimum of the free energy, depends on the temperature. At low temperature the symmetry is violated and at high temperature it is restored (Kirzhnits, 1972) . In the case of a discrete symmetry the symmetric ground state, which existed in the vicinity of the cosmological singularity, goes over into one of the possible asymmetric states. In causally un-connected regions these vacuum states, generally speaking, should be different. As a result, a domain structure of the universe arises. Cosmological applications of this picture have been discussed by Zeldovich, Kobzarev, and Okun (1974) . The domain structure proves to be energetically unfavored and each domain tends to expand and absorb the others. This results in the movement of the domain walls almost with the speed of light. The surface energy of the domain walls, however, proves to be so large (for reasonable values of the parameters) that this structure would destroy the observed isotropy of the universe. This is a rather strong argument against the model of a spontaneous violation of CP invariance proposed by Lee (1973}. Cosmological consequences of theories of spontaneously broken particle symmetries are considered in detail by Linde (1979a (Linde, 1979a) . Such models can explain the absence of monopoles and of the domain structure. The only possible source of the fermion numbers are neutrinos. According to the esti-, mates by Linde, the relative excess~N"-N"~/N"= 1 is enough for destruction of the phase transition (see, however, Sec XI).
Depending on the value of I', two scenarios of the development of the universe at small g are possible. If +=0, then for T exceeding some critical value T";~"all the masses except for the mass of the Higgs particles vanish and the universe is hot. Another possibility is that the universe possesses a large leptonic charge and as t-0 and T-~the minimum of the effective potential of the Higgs field tends to -~. In this case all the masses tend to infinity and the energy density in the universe is dominated by nonrelativistic particles.
An interesting possibility arises when the weak charges of the leptons and of the baryons are mutually compensated so there are no neutral current interactj.ons. In this case the universe at an initial stage is a dense cold medium consisting of baryons and leptons.
Recently ZeMovich (1980) investigated the vortex lines of this theory with parameters of the order of those used in grand unified theories (nz = 0.01 m&). Perhaps these vortex lines would explain the perturbations built from an initially Friedmanian universe during cooling.
In the course of expansion, the ferrnion density decreases and a phase transition from the symmetric state into the asymmetric state is possible. " At the phase transition a large amount of energy is released because the new vacuum state is more favored energetically, and the universe becomes hot. In such a model one can naturally obtain Ns/Nz--10 '-10 'o with a, cold symmetric initial state. There are models discussed in the literature where the effective potential of the Higgs field has two minima, the relative position of which depends upon temperature and the Higgs particle mass. A very interesting situation is possible when the universe begins at the absolute mimimum of the effective potential, but with dropping temperature this minimum gets higher and becomes a local, but not an absolute; minimum.
In this case a tunnel transition into an energetically more favored vacuum is possible. Just this example of the cold. universe heating was considered above. The choice of the vacuum depends on the Higgs meson mass. It is possible in principle but difficult to believe that we live in a metastable world. The discovery of the Higgs meson and the measurement of its mass could help to assuage doubts about the stability of the universe. The theory of tunneling can be found in Voloshin et al. (1974 ), Frampton (1977 , and Coleman (1978) .
In conclusion, we should like to note that the results of this section depend on the mechanism of symmetry breaking. The examples discussed were based on the Higgs mechanism. The picture can be considerably different if, for example, the scheme of Dimopoulos and Susskind (1979a) of the baryon fluid, i.e. , c =p, the relative size of the fluctuations should be about 10 4. In this case the value of the entropy per baryon observed today can be determined to be s, = 10'-10' . For uniform and isotropic cosmological models the increase in entropy due to bulk viscosity (Weinberg, 1971) or to quark condensation into hadrons (Kazanas, 1978) proves to be negligible in comparison with the necessary value s, . If this condensation is going smoothly, without hysteresis, supersaturation, or nucleation, the process is an adiabatic. The expansion is governed by gravitation, and is slow compared with elementary particle processes, and entropy generation is small.
Just the opposite point of view was advocated recently by Lasher (1979) . He assumed that the quark-nucleon phase transition was of the first order and the quark phase survived rather late after the transition point. The parameters of this model can be chosen so that the observed value of entropy per nucleon can be obtained. Lasher's assertion, however , that the model predicts density fluctuations sufficient for the formation of galaxies is open to question. The density fluctuations are of an unstable type and so they tend to decrease (Zeldovich, 1980) .
A rather powerful source of entropy could be primary black hole evaporation (Novikov et al. , 1979; Hawking, 1975}. Zeldovich and Novikov (1975) ]. We should only like to mention here the paper by Bogdanova, and Shapiro (1974) (Nanopoulos and Weinberg, 1979) [Sakharov (1967) ; Kuzmin (1970) ; and new ones] but it has been stated especially clearly by Ellis, Gaillard, and Nanopoulos (1979) . Okun and Zeldovich (1976) We shall now show that S-matrix unitarity (in fact a weaker condition) provides the standard statistical equilibrium distributions (Dolgov, 1979; Weinberg, 1979; Toussaint et al. , 1979) . Let deviation from equilibrium occurs for massless particles (Toussaint et al , 1979) . .
To proceed further one needs to specify the form of the collision integral S. Strictly speaking no self-contained equation can be obtained for total number den8Note the resemblance of this to the statement (Zeldovich, 1938) that the equilibrium in a mixture of ideal gases is unique ' and charge symm. etric. = p, (-t, ) Toussaint et al. (1979) it is stated, however, that if baryonic charge is microscopically conserved the net flux of baryons from a black hole is equal to that of antibaryons, so no charge asymmetry occurs in the space outside the black hole. We disagree with this statement and prove the opposite with an explicit example (Zeldovich, 1976 At the instant I;= t" the energy in the universe is p = C (Gt ") = C1V D2~m~m~(15.24) where the constant C depends on the equation of state. For relativistic gas C = 3/(32~ (1978) . The observed stability of the proton despite B conservation is explained by the extremely large mass of the intermediate mesons which interact with B-nonconserved currents. A dimensional estimate of proton lifetime gives v~= n 'm»4/m'". With m»= (10"-10")GeV one obtains 7'~= (10"-10") yr.
More recent estimates of the proton lifetime however,
give smaller values. Experimentally T~& 10" yr.
The superweak B-nonconserving interaction becomes stronger with energy and for E = m~i t becomes of the same order as all other (except for gravitational)interactions. In particular for X-meson decays b, I'/I' = 1 (KI' is the width of decays with ABPO). Meson decays as a source of the baryon asymmetry in the universe were first considered by Sakharov (1979) , Toussaint et al. (1979) and Weinberg (1979) . Weinberg assumed a,t mx& m~= 10'o Qe& and that for I; & t"=m~' gra itational interactions were strong and capable of establishing thermal equilibrium at the instant t = t~and enforcing the condition b.B(t=t~) =0. Note that for a model in which processes with ABt 0 are in equilibrium 20Earlier, steinberg (1964) noted that there were no massless fields connected with baryonic charge, so the latter is not necessarily conserved. He also noted that baryon asymmetry of the universe might result fromm nonconservation, but in the framework of a steady-state universe with spontaneous production of matter from vacuum. Later Weinberg rejected the idea of baryonic charge nonconservation and returned to it only in PVeinberg, 1979 . The difference between the old and new models is that in the old ones the quark was shortlived, but the proton decay proceeded in a third™-order, B -nonconserving interaction, single quark decay inside the proton being energetically forbidden. In the new models proton decay is of the same order as the process/. (Kolb and Wolfram, 1980; Fry, Olive, and Turner, 1980b; Dolgov, 1980b) . In these papers kinetic equations governing baryonic excess are analyzed.
' =o.1(q»' 'q) '[ln(7) ln' 'q)j' '. Ignatiev et al. (1979b) , and Kuzmin and Shaposhnikov (1980) a detailed analysis of baryon asymmetry generation is made in the framework of the SO(10) symmetry group. In the second of these papers the interesting conclusion is reached that right-handed weak currents should be strongly suppressed as' compared to left-handed currents, otherwise the baryon asymmetry would be too small. The flow of papers on this subject continues, although the supply of new ideas seems, to be exhausted. Now is the time for hard calculational work.
In conclusion, we should like to note that the possibil. -ity of explaining the existence of our world by microphysical phenomena seems exciting. It is interesting that cosmological data can serve as a criterion for the choice of a grand unified group and of the mechanics of CP invariance violation. The experimental discovery of proton instability would be of extreme importance for cos mology.
Last ds'= dt ' -e'"'(~'+ 4"+ «') consistent with vacuum polarization energy density (Gurovich and Starobinsky, 1979; Starobinsky, 1980; Zeldovich, 1981) .
We should like here. merely to call attention to the unusual properties and very important consequences of vacuum polarization. It is a task for future investigations to obtain all the properties of the universe from the laws of fundamental quantum field physics.
